ABSTRACT Dual-directional silicon-controlled rectifiers (DDSCRs), which provide both positive and negative electrostatic discharge (ESD) surge paths, are ESD protection devices with an excellent area efficiency. However, DDSCRs have a low holding voltage for use in 5 V-class applications, with a relatively high on-state resistance because of the elongated ESD surge path compared to unidirectional SCRs. In this paper, we propose a novel DDSCR with a higher holding voltage and a better ESD tolerance than conventional low-triggering DDSCRs (LTDDSCRs), realized by operating two additional parasitic bipolar transistors. The proposed ESD protection device was developed through a 0.18-μm CMOS process, and a timeline pulse system was used to verify its properties. The measurement results show that the proposed ESD protection device exhibits an improved tolerance and a high holding voltage and is expected to be reliable in 5 V-class applications INDEX TERMS SCR, DDSCR, ESD protection device, high holding voltage, low dynamic resistance, on-resistance, current driving capability.
I. INTRODUCTION
With the increase in the requirements of low-voltage (under 5 V) applications, such as AI systems, IoT, and wearables, and with the development of semiconductor processing technology, chip area has become confined because of the high level of integration. In addition, more instances of electrostatic discharge (ESD) have been reported because of the reduction in the oxide film thickness and junction depth, resulting in more defects due to overvoltage, overcurrent, and heat generation [1] , [2] . A silicon-controlled rectifier (SCR) is an ESD protection device in which both NPN and PNP parasitic bipolar transistors are latched to provide excellent current driving capability, making SCRs widely popular [3] , [4] . During ESD, there are four types of discharge modes the positive-to-VSS (PS-mode), the negative-to-VSS (NS-mode), the positive-to-VDD (PD-mode), the negative-to-VDD (NDmode), with respect to VDD, VSS, and the pad depending on the polarity (positive or negative charge) [5] , [6] . As conventional SCRs are unidirectional, they are vulnerable to ESD with a negative charge. To provide protection, the protection circuit must be designed with two devices considering the polarity of the ESD, and a reverse protection diode must be included to avoid mutual interference during operation. Consequently, ESD protection circuits comprising unidirectional devices have a relatively large area. This leads to another problem in that these chips with confined areas cannot satisfy the requirement of high ESD tolerance in low-voltage applications [7] . To solve this problem, previous studies have proposed a dual-directional SCR (DDSCR)-based ESD protection device [8] - [10] . However, conventional DDSCRs have a high trigger voltage and a low holding resistance, making them unsuitable for actual IC applications. In addition, because of the elongated ESD surge path due to structural characteristics, including additional well regions, DDSCRs have a greater onstate resistance than unidirectional SCRs. Researchers have 2168-6734 c 2019 IEEE. Translations and content mining are permitted for academic research only.
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proposed a low-triggering DDSCR (LTDDSCR) device wherein a P+ bridge region is included to reduce the high trigger voltage of the DDSCR [11] , [12] . However, this device cannot ensure latch-up immunity in 5 Vclass applications because of the low holding voltage. Studies have also proposed a method to increase the holding voltage by adjusting the base region of the parasitic bipolar transistor in SCR structures. Unfortunately, this further elongates the ESD surge path, thereby increasing the on-state resistance and reducing the effective ESD tolerance.
II. A NEW DUAL-DIRECTION SCR
The structures of the conventional LTDDSCR and the proposed ESD protection device are shown in Figure 1 . And Figure 2 shows their equivalent circuits. As a DDSCR structure is symmetrical, it provides the same ESD surge path for both positive and negative ESD surges. Typical LTDDSCRs help lower the avalanche breakdown and reduce the trigger voltage by forming an additional P+ bridge region between the well regions. When a positive ESD is applied to terminal A, an ESD surge path is formed through the latch-mode of the two parasitic bipolar transistors (Qnpn1 and Qpnp). The proposed ESD protection device uses two PMOS structures to minimize the base region of the PNP parasitic bipolar transistor through a gate, giving it a relatively short discharge path. The operation principles of the proposed structure are as follows. When a positive ESD surge is applied to terminal A, an avalanche breakdown occurs in the left N-well region/P+ bridge region, and the potential of the middle P region increases. If the increase in the voltage is sufficient, the forward junction of the right P+ bridge region/N-well region is turned on, and the parasitic bipolar transistor (Q1, Q2, Q3, Q5) is also turned on as a structural characteristic, thereby forming an ESD surge path. The Q2 parasitic bipolar transistor operates in parallel with the existing PNP parasitic bipolar transistor Q1 to reduce the overall on-state resistance of the ESD protection device, whereas the Q3 parasitic bipolar transistor is located on the ESD surge path and helps increase the voltage drop across the terminals A and B in the ESD mode, thereby increasing the holding voltage of the ESD protection device. Likewise, when a positive ESD surge is applied to terminal B, the four parasitic bipolar transistors will be tuned on (Q1, Q3, Q4, Q5), and an ESD surge path is formed through the same method. Figure 3 shows the layout and fabrication results of the proposed ESD protection device, including the design variables. Due to the additional P + implant region formed at each terminal, the proposed ESD protection circuit has an increased area of about 10-12% compared to LTDDSCR in the same width. The proposed design variable D1 represents the length of the two proposed bridge regions the use of this variable is a conventional method of increasing the holding voltage of SCR-based ESD protection devices. The base region of the NPN parasitic bipolar transistor is adjusted to increase the holding voltage [13] . Unfortunately, this method of increasing the base region of an NPN parasitic bipolar transistor has drawbacks in terms of area expansion and significantly reduces the durability. This method increases the high concentration region. Thus, the resistance of the protection circuit is increased by reducing the current driving capability of the PNP parasitic bipolar transistors as the emitter of the PNP parasitic bipolar transistors increases. On the other hand, the design variable L represents the length of the two gates. The proposed ESD protection device can simultaneously increase the lengths of all the effective base regions of the operating PNP parasitic transistors (Q1, Q2, Q3, Q4), thus effectively increasing the holding voltage with a relatively low on-state resistance and a high effective robustness.
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III. RESULTS AND DISCUSSION
The proposed dual-directional ESD protection device, DDSCR, and LTDDSCR were fabricated through a 0.18 µm CMOS process. Figure 4 shows the TLP measurement results of the traditional DDSCR, LTDDSCR, and proposed ESD protection device [14] . ESD design window of 5V class application is formed between operating voltage +10% (margin region) and core damage region (gate oxide breakdown = 12V at 5V application). The measurement results show that the proposed ESD protection device has electrical properties suitable for use in the 5 V-class ESD design window with a trigger voltage of 9.7 V and a high holding voltage of 5.9 V in both positive and negative states. In addition, the parallel operation of the Q2 (forward) and Q4 (reverse) parasitic bipolar transistors helps increase the current driving capability, with a very low on-state resistance of 1.15 . Table 1 summarizes the electrical properties of the conventional DDSCR, LTDDSCR, and the proposed ESD protection device.
TABLE 1.
The electrical properties of the DDSCR, LTDDSCR, and the proposed ESD protection device. Figure 5 shows the measurement results with respect to the design variables D1 and L. To compare the increase in the holding voltage and the reduction in the on-state resistance, the TLP measurements were conducted while increasing the D1 and L design variables by 2 µm each. According to the measurement results, compared to the conventionally used design variable D1, the lengths of the effective base regions of the four PNP transistors (Q1, Q2, Q3, Q4) are effectively increased in the case of the design variable L, thus significantly increasing the holding voltage with a very low on-state resistance. Table 2 summarizes the electrical properties according to changes in design variables. are important because they affect the electrical characteristics and It2 of the circuit [15] . Carrier mobility at high temperatures increases the resistance value of the N well and well regions and results in a lower holding current. Also, as the base -emitter voltage (VBE) of the parasitic NPN/PNP BJTs decreases, the holding voltage decreases and heat loss occurs. Therefore, the secondary trigger current and on -resistance decrease. At 500K high temperature, conventional LTDDSCR has a holding voltage of 1.25V and a secondary trigger current of 6.2A. While on the other, the holding voltage of the proposed ESD protection device is 5.5V, still higher than the normal operating range of the internal circuit, and the secondary trigger current has 8.2A. Therefore, the proposed ESD protection device has excellent high-temperature characteristics and thermal reliability compared with conventional LTDDSCR. 
IV. CONCLUSION
This paper proposed a novel DDSCR structure with a high holding voltage and a low on-state resistance. Compared to the conventional LTDDSCR, the proposed ESD protection device operates two additional parasitic bipolar transistors; the Q2 and Q4 parasitic bipolar transistors form parallel discharge paths to increase the current driving capability. The on-state resistance in the ESD state is reduced. The Q1 and Q3 parasitic bipolar transistors are both located in the discharge path during positive and negative ESD operations, thus increasing the voltage drop across both the terminals of the device. In addition, the holding voltage is effectively increased with a significantly lower on-state resistance through the design variable L compared to the conventionally used variable D1. Therefore, the proposed DDSCR-based ESD protection device exhibits a high holding voltage, an excellent current driving capability, and an 604 VOLUME 7, 2019
improved effective ESD tolerance. The proposed device is designed through a 0.18 µm CMOS process to be suitable for the 5 V-class ESD design window and is expected to contribute to area efficiency and reliability in 5 V-class applications.
